The striking resemblance of long-snouted aquatic mammals and reptiles has long been considered an example of morphological convergence, yet the true cause of this similarity remains untested. We addressed this deficit through three-dimensional morphometric analysis of the full diversity of crocodilian and toothed whale (Odontoceti) skull shapes. Our focus on biomechanically important aspects of shape allowed us to overcome difficulties involved in comparing mammals and reptiles, which have fundamental differences in the number and position of skull bones. We examined whether diet, habitat and prey size correlated with skull shape using phylogenetically informed statistical procedures. Crocodilians and toothed whales have a similar range of skull shapes, varying from extremely short and broad to extremely elongate. This spectrum of shapes represented more of the total variation in our dataset than between phylogenetic groups. The most elongate species (river dolphins and gharials) are extremely convergent in skull shape, clustering outside of the range of the other taxa. Our results suggest the remarkable convergence between long-snouted river dolphins and gharials is driven by diet rather than physical factors intrinsic to riverine environments. Despite diverging approximately 288 million years ago, crocodilians and odontocetes have evolved a remarkably similar morphological solution to feeding on similar prey.
Introduction
Secondarily aquatic tetrapods have dominated the aquatic environment for over 250 million years (Ma) [1] . Repeated independent invasions of the oceans and rivers have resulted in many groups such as ichthyosaurs (248-90 Ma), crocodilians (83.5-0 Ma), sauropterygians (245-66 Ma), mosasaurs (92-66 Ma), pinnipeds (24-0 Ma) and cetaceans (53.5-0 Ma) filling predatory niches at various times [2] . The similarity in body form and limb shape of these various groups of secondarily aquatic tetrapods represents a textbook example of convergent evolution [3] [4] [5] . At a more detailed level, ecologically similar species of aquatic tetrapod also exhibit morphological convergence [5] [6] [7] [8] . For example, apex predators from phylogenetically disparate backgrounds have evolved broad skulls and large teeth [8] . This finer degree of ecomorphological convergence (rather than broad scale convergence based on living in an aquatic ecosystem) requires further examination in a quantitative and comprehensive manner in order to tease apart the complex relationship between aspects of organismal ecology and its morphology.
The striking resemblance of long-snouted species of aquatic reptile and mammal has long been considered an example of morphological convergence, indicative of a similarity in ecology [6, [9] [10] [11] (figure 1). Here we aim to use geometric morphometrics to quantify variation in the shape of the rostrum and mandible of two of the most diverse extant aquatic tetrapod groups: crocodilians and odontocetes (toothed whales). As representative archosaur and mammal clades respectively, these two groups are often used as ecological and/or morphological analogues for extinct marine reptiles [5, 6, 12] . Several studies have commented that skull shape in crocodilians or odontocetes is similar, and that this similarity may be related to diet or habitat, but these competing causes of convergence have not been statistically assessed [6,8,10,13 -16] . By sampling an extensive range of extant crocodilian and odontocete species we can for the first time statically test the strength and cause of this phenomenon.
Geometric morphometrics (GM) surpasses the abilities of traditional techniques such as the use of Euclidean distances as it is able to examine complex three-dimensional variation in shape in a fully quantitative manner [17, 18] . However, fundamental differences in number and position of bones between mammals and reptiles have hindered our ability to properly compare them using GM. Functionally analogous landmark locations will be used in order to quantify variation in the shape of the skulls as functional units. This approach overcomes limitations involved in comparing mammals and reptiles, which differ in the number and position of bones that comprise the skull.
We use this morphological data to examine patterns of association between cranial shape and aspects of ecology ( prey type, prey size and habitat) shared across these two groups. By combining these two groups within one analysis, we wish to determine how the considerable differences that exist in how crocodilians and odontocetes feed and sense the environment around them influence their ecomorphology [19 -24] . These data will clarify possible mechanisms that have driven the convergent evolution of skull shape in aquatic tetrapods. Furthermore, identifying relationships between skull shape and ecology in these taxa will allow palaeontologists and biologists to make more accurate estimates of the ecology of extant and extinct aquatic tetrapods.
Material and methods
We accessed 75 mandibles and 97 crania of extant crocodilians and odontocetes from museum collections (electronic supplementary material, section S1) as well as specimens from the Digimorph Online database (http://digimorph.org/index.phtml). These specimens represent a total of 76 species (54 odontocetes ¼ 72% of extant species; 22 crocodilians ¼ 92% of extant species) spanning a range of morphologies (electronic supplementary material, section S1). The sample includes each of the extant or recently extinct river dolphin (families Platanistidae, Iniidae, Pontoporiidae and Lipotidae) and gharial species (family Gavialidae).
Each specimen was either CT scanned in medical or highresolution CT scanner or laser scanned using a Handyscan Exascan (Creaform) which has a resolution of approximately 1 mm (electronic supplementary material, section S1). We established a set of 26 cranial landmarks and 18 mandibular landmarks (figure 2; electronic supplementary material, section S2). These landmarks describe the height and width of the rostrum and mandible, as well as the position of the jaw hinge and the length of the mandibular symphysis. These morphological characteristics are biomechanically relevant for assessing skull strength [6, 25] , hydrodynamic performance [16] and bite force production [26] . Additional details on the methodological approach used for landmark selection can be found in electronic supplementary material, section S3. Landmark placement was undertaken in Rhinoceros V5 (McNeel) and Landmark editor v. 3.0.0.6 [27] . A Procrustes superimposition (from size, translation and rotation) was undertaken in Morphologika V2.5 [28] before the use of a principal component analysis [28] . This procedure converts variation in shape into a set of linearly uncorrelated variables known as principal components. The skull warps used in figures 3 and 4 were constructed using EVAN toolbox v. 2.1 (European Virtual Anthropology Network: http://www.evan-society.org/node/23).
In order to compare morphological data to ecological characteristics of the species, we compiled habitat, diet and maximum prey size classes from relevant primary and secondary literature (electronic supplementary material, section S4). Three dietary categories were used: (i) diets consisting predominantly of fish; (ii) diets consisting predominantly of cephalopods; (iii) generalist diets consisting of a variety of prey types. These diet categories were based on the percentage of species in the diet of the predators so that observational records of prey capture could be included. This method likely underestimates the value of prey species that are taken in high numbers. Taxa such as the killer whale (Orcinus orca) that are often referred to as mammalian prey specialists were classed here as generalists because they consume a variety of prey types [29] . These categorisations are additionally complicated by the large ontogenetic shifts in diet that occur in crocodilian taxa: although crocodilians may specialize on certain prey items at particular life stages they are generalists over their lifetime [30, 31] . Dietary records for many species of crocodilian, as well as for most beaked whale species (family Ziphiidae), were not sufficient to reliably class them into these categories; therefore, if fewer than approximately five records were found for a predator species they were categorized as 'insufficient data'.
Five habitat categories were drawn based on the environments accessed by the predator: (i) riverine, (ii) nearshore/riverine, (iii) nearshore, (iv) near-shore/oceanic and (v) oceanic. These were compiled from relevant secondary literature [8, 32] .
Categories for relative maximum prey size were constructed by dividing the maximum length of the longest prey species by the maximum length of the predator (electronic supplementary material, section S4). Prey sizes were calculated from the genus or family of the prey item if the species was not identified. This method assumes that each prey item is taken at its maximum adult size and hence likely overestimates the prey sizes taken by the predators. Records of cannibalization were removed from the prey size analysis because predators most often cannibalized very young individuals. Additionally, snakes were not included as dietary records because they were notable outliers in body length.
Phylogenetic MANOVAs were run between each ecological variable and multivariate shape data (PC1-6) using the 'geiger' package in R [33] . Additionally, phylogenetic ANOVAs were run between each PC axis and each ecological variable. The phylogenetic tree used in both of these analyses was constructed based on Oaks [34] and McGowen [35] with a divergence date between crocodilians and odontocetes set at 288 MA based on Lee [36] . Phylomorphospace plots were constructed using the 'phytools' package in R [37] . Additionally we quantified the significance of convergence between river dolphins and gharials in a phylogenetic context using the R package 'convevol' with the number of simulations set to 1000 [38] . In this analysis PC1-4 was used in order to meet the statistical requirement that fewer shape variables are used than putatively convergent taxa.
Results
Crocodilians and odontocetes exhibit a similar range of morphological variation with brevirostrine (short and broad) and longirostrine (long and thin) morphotypes (figures 3 and 5). The largest variation in morphology observed among the rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162348 crania was from very short, wide and dorsoventrally tall specimens (low cranium PC1 values) such as Kogia, to extremely elongate, gracile and straight such as Platanista or Gavialis (high cranium PC1) (figure 3 and electronic supplementary material, section S5). The second PC axis represented variation from very thin with a ventrally sloped 'odontocete-like' rostrum (low cranium PC2 values) to a very wide 'crocodilian-like' cranium with undulation in the jaw margins (festooning) (high cranium PC2). PC3 represented a shift from a U-shaped lateral margin of the rostrum and dorsally upturned rostrum (low cranium PC3 values) e.g. Osteolaemus or Phocoena dioptrica to a V-shaped lateral margin of the rostrum and ventrally downturned rostrum e.g. Kogia (high cranium PC3 values) (figure 3). The first six PC axes accounted for 54.9%, 31.7%, 5.2%, 1.8%, 1.5% and 1% of variation in the landmark dataset, respectively, together explaining 96.2% of total variation.
The largest variation in morphology within the mandible represented variation from straight with a short mandibular symphysis (low mandible PC1 values) e.g. Phocoena, to a mandible that flares at the posterior end with a long mandibular symphysis (high mandible PC1 values) e.g. Platanista (figure 4). The second principal component represented a shift from downturned and bowed inward (low mandible PC2) 'odontocete-like' mandible to upturned and bowed outward (high mandible PC2 values) 'crocodilian-like' mandible. PC 3 represented a shift from robust (low mandible PC3 values) e.g. Neophocaena to elongate and gracile (high mandible PC3 values) e.g. Lissodelphis borealis (figure 4). The first six PC axes accounted for 64.2%, 17.0% and 6.5%, 2.6%, 1.7% and 1.4% of the total variation, respectively, together explaining 93.3% of total variation.
Gharials and river dolphins exhibited similarity in many morphological characteristics including: an elongate and thin cranium with a straight rostrum, a lack of festooning, a long mandibular symphysis and a more downturned mandible. Interestingly, some of these traits (e.g. the degree of festooning, U versus V shape of the rostrum and mandible and degree of down turning of the rostrum and mandible) normally separate odontocetes from crocodilians (cranial PC2 and mandible PC2) (figures 3-5 and electronic supplementary material, sections S5 and S6). The convergence in shape (PC1-4 was found to be significant in both the cranium ( p ¼ 0.009) and mandible ( p ¼ 0.001) using simulations in a phylogenetic context. We did not find any existent boundaries delineating longirostrine (elongate and thin viscerocranium), mesorostrine (intermediate rostrum) and brevirostrine (broad and tall viscerocranium) morphotypes.
The region of morphospace overlapped by gharials and longirostrine odontocetes has interesting associations with diet, behaviour and habitat. Most of these taxa occupy riverine environments (figure 5a), feed predominantly on fish (figure 5b) and do not take prey that are large relative to their size (figure 5c). Odontocetes that feed primarily on cephalopods clustered in the bottom left of mandible morphospace and the centre of cranial morphospace (figure 5b). Species of odontocete and crocodilian that feed on fish clustered towards higher PC1 values and median PC2 values (figure 5b). Crocodilians that feed on larger prey items clustered in areas of morphospace related to more robust and more U-shaped crania and mandibles (figure 5c). Odontocetes that feed on large relative prey sizes also showed a preference toward more U-shaped mandibles (figure 5c).
A phylogenetic MANOVA found a significant relationship between cranial morphology (PC1-6) and diet ( p ¼ 0.017), and morphology (cranium PC1-6) and habitat ( p ¼ 0.024) within the cranium. Phylogenetic MANOVA for mandible shape (PC1-6) in the mandible was not significant in relation to diet, habitat or maximum prey size ( p ¼ 0.26, 0.44 and 0.75 respectively). Phylogenetic ANOVAs between each ecological variable and each principal component of shape showed that cranial elongation (cranium PC1) and symphysis length (mandible PC1) was significantly related to prey type. Within the 
Much of the morphospace around the river dolphins is unfilled, particularly the highly positive or negative PC2 and PC3 values (electronic supplementary material, sections S5 and S6). It appears that elongate crania are not particularly festooned, V-shaped or U-shaped (cranium and mandible PC2). There appear to be strong phylogenetic influences within the plots with the vast majority of families clustering together (e.g. Ziphiidae, Phocoenidae and Alligatoridae cluster tightly in all plots). A number of taxa, however, deviate significantly from the other representatives of the family. For example, the cranium of the dwarf crocodile (Osteolaemus tetraspis) exhibited a lower PC1 value than all other crocodilians in the family Crocodylidae, and in fact exhibited a more brevirostral cranial morphology than most members of the Alligatoridae family which are generally more robust.
Discussion (a) Ecomorphological divergence and convergence in odontocetes and crocodilians
This study shows that despite disparate phylogenetic histories, both odontocetes and crocodilians exhibit a similar range of morphologies within the rostrum and mandible. Within the two analyses (cranial and mandibular) there was considerable overlap in the position of the taxa in morphospace. Crocodilians and odontocetes overlapped in cranial robustness (cranium PC1), rostrum up-turning versus down-turning (cranium PC3), whether the rostrum was V-shaped or U-shaped (cranium PC3) as well as the length of the mandibular symphysis (mandible PC1) and robustness of the mandible (mandible PC3) ( figures 3 and 4) . This finding supports the work of McHenry et al. [16] and Walmsley et al. [6] that show that aquatic tetrapods are evolving a similar range of cranial proportions as they diversify within the aquatic environment. It is likely that biomechanical constraints are driving similar patterns of ecomorphological diversification in snout shape in aquatic tetrapods. However, future work is needed to identify exactly which performance considerations (e.g. hydrodynamic, sensory or structural) are driving this convergent evolution. Although many similarities exist in the ecomorphology of crocodilians and odontocetes, there are still notable differences. Some of these relate to the sensory abilities that differ between the two groups. For example, odontocetes exhibit a considerably larger posterior section of the mandible (lower mandible PC2 values), represented by the transversely thin pan bone, a trait that permits conduction of sound to the middle ear during echolocation [39] . Habitat also likely drives some of these differences, with many more crocodilian species living in riverine environments. Feeding strategies also vary between crocodilians and odontocetes with crocodiles often using ambush tactics while odontocetes often pursue their prey [31] . Interestingly, these differences in ecology and behaviour seem to only influence skull shape to a small degree (figure 5).
The genus Kogia was a morphological outlier in almost all principle components of shape (with the exception of mandible height). These Kogia species are the most basal odontocetes included in the study and seem to occupy a unique area of morphospace (an extremely broad, and ventrally sloped rostrum and mandible) that likely facilitates the production of high suction forces [19, 40] . Odontocetes such as Globicephala and Mesoplodon that are also regarded as suction feeding morphotypes clustered together in cranium and mandible PC2 and PC3 values (electronic supplementary material, section S5). However, there was variation in cranial elongation (cranium PC1 values) with the larger beaked whales (e.g. Mesoplodon and Berardius) having more elongate rostra and mandibles than the other species. It is possible that this range of variation may represent a relaxation of constraints in morphology with increased size. Larger suction feeders would be able to take more water into the oral cavity and thus might not require a morphologically blunt rostrum like other smaller suction feeding taxa to produce adequate suction forces.
Other examples of convergence are present in these results. Crocodilians and odontocetes that feed on relatively large prey clustered on the high cranium PC2 extreme of each of the groups ( figure 5 ). This indicates that skulls that are wider and taller than others are better able to feed on larger prey, an ability that is likely dictated by skull strength. The dolphin genera Lagenorhynchus and Cephalorhynchus are sometimes mistaken for porpoises because of their blunt heads [41] . Here we found that they did not overlap with porpoises but instead exhibit cranial characteristics that were more 'porpoise-like' than other oceanic dolphins. We rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162348
recognize that the taxonomy of nominal species of Lagenorhynchus is in flux, with molecular evidence suggesting the genus is polyphyletic [35, 42, 43] . Although L. australis and L. cruciger are consistently recovered as sister species, there remains debate over how other nominal Lagenorhynchus species are related to one another and Cephalorhynchus spp. Pending clarification of relationships among these delphinid species, the concept of Lagenorhynchus used here includes the species L. albirostris, L. acutus, L. obscurus, L. cruciger, L. obliquidens and L. australis. The genus Phocoena containing four species of porpoise formed a tight cluster in all PC plots (electronic supplementary material, section S6). Also worth noting is that crocodilians that engage extensively in terrestrial hunting (e.g. Paleosuchus trigonatus) have more high vaulted skulls-high cranium PC2 and low cranium PC1 values (electronic supplementary material, section S5) [22] . As noted by Erickson et al. [44] , these particularly high-vaulted taxa may be adapted for increasing snout rigidity during biting loads. This characteristic is likely to also decrease their ability to move through the water with speed as it would enlarge the size of the dorsoventral profile, increasing the drag moment incurred by the head while sweeping laterally through the water [16] . One of the largest limiting factors for this study was that dietary records for crocodilians are not fine grained, and thus we were limited to broad dietary categories. These by no means encapsulate the full spectrum of ecological variation present in the taxa studied here. Furthermore, we know that large ontogenetic changes in diet and morphology exist, especially within crocodilians [45, 46] . It is likely that this could influence the results observed here.
(b) River dolphins and gharials
Here we statistically demonstrated convergence between gharials and river dolphins. Many aspects of the shape of the skull, including the robustness of the cranium, height, width and length of the mandible, symphysis length and degree of festooning, are similar between river dolphins and gharials (figure 5). River dolphins and gharials clustered rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162348
together on the first three principal components in both the cranial and mandibular analyses, including those that otherwise separate crocodilians and odontocetes (cranium and mandible PC2 values) ( figure 5 ). This represents a remarkable degree of convergence, especially considering the large phylogenetic distance between crocodilians and odontocetes. Several studies have drawn qualitative comparison between river dolphins and gharials, noting that they appear to exhibit elongation of the cranium and mandible [6, 47, 48] , but until now this had not been quantified or examined in detail. River dolphins are also a polyphyletic group [13] , indicating that the extreme morphotype has evolved more than once within the odontocetes. Within the mandibular analysis we have shown that river dolphins and gharials occupy an area well outside of the morphospace of the other sampled taxa (extremely high PC 1 values). This brings into question why these components of the morphology, for instance overall length and symphysis length, are so strongly correlated.
(c) Cause of convergence between river dolphins and gharials
The evolution of the river dolphin and gharial morphotype has been attributed to a variety of factors including their utilization of river systems, specialized piscivory, prey size and phylogeny [6,13 -16,47 -50] . Although it is hard to separate these confounding influences we discuss a number of possible causal factors behind this convergence. Here we found that diet rather than habitat or maximum prey size was more closely associated with elongate skulls with long mandibular symphyses (river dolphin-like characteristics). We argue that the remarkable convergence in skull shape between river dolphins and gharials is more likely driven by similarities in feeding ecology than physical factors intrinsic to riverine environments.
(i) Habitat
The environmental conditions common in rivers differ substantially to those in oceanic systems. Turbidity, speed of the water and prey availability all possibly play a role in this convergence. However, there are a number of lines of evidence that contradict the hypothesis that habitat preferences have driven the convergence. The odontocetes Orcaella brevirostris and Sotalia fluviatilis do not exhibit a 'river dolphin'-like morphotype despite living in riverine habitats (low PC1 values). Conversely, Pontoporia exhibits a river dolphin-like morphotype (high PC1 values) despite living in a nearshore marine environment (figure 5b). It would be easy to dismiss these examples because they are more recent ( post late Miocene) riverine invasions; however, as noted by Geisler et al. [49] , many of the morphological characteristics that have convergently evolved in the river dolphin lineages did so in marine ancestors.
(
ii) Phylogeny
As noted by other studies, the marine sister taxa of living river dolphins (e.g. the fossils Zarhachis and Pomatodelphis for Platanista; the fossil Parapontoporia for Lipotes) also possessed many of the same morphological characters such as an elongate symphysis [49] . This morphotype could simply be a relict ancestral morphology; however, the high level of convergence between gharials and odontocetes suggests that there might be directional selection from ecological factors driving the evolution of this morphotype. We propose that species of small fish may be considerably more agile than larger fish, or cephalopods. Further examination of the diet of these species may reveal that other characteristics of prey are more closely correlated e.g. prey escape speeds. As the rostrum primarily functions in prey capture we argue that similarity in diet is the most likely cause of convergence. Another possible cause of the convergence is that these gharials and river dolphins are feeding using similar sweep feeding prey capture methods. Crocodilians and odontocetes undertake a variety of behaviours when feeding. Prey can be captured using forward momentum (ram feeding), using a sideways rotation of the head (sweep feeding) or in the case of some odontocetes using expansion of the oral cavity to draw prey into the mouth (suction feeding) [20, 48] . The physical requirements needed to undertake these different behaviours varies considerably [4] . Kinematic data are not extensive for these taxa, although it is possible that the river dolphin/gharial morphotype may be optimized for sweep feeding [51] . Elongate morphotypes would achieve reduced drag, while maximizing swiping speed in rotational movements [16] . This would also explain why many river dolphin species have a larger degree of movement in the neck vertebrae than oceanic species [13] . Sweep feeding may be a particularly effective behaviour in riverine ecosystems. The restricted size of riverine waterways may prevent the predators from reaching high speeds. This restriction would prevent the efficient use of ram feeding which requires the predator to move forward with more speed than its prey. The high turbidity of river systems may also add to the effectiveness of sweep feeding in this physical setting. Sweep feeding is employed at shorter distances between the predator and its prey than ram feeding, and the limited vision within turbid rivers may mean that ram feeding predators would find it difficult to identify prey items at enough of a distance for this strategy to work.
Previous analyses using both simple and complex FEA models has shown that symphysis length is correlated with the strength of the mandible during shake loading (a behaviour used to subdue and process larger prey items), with shorter symphyses being stronger, and that overall length is correlated with strain during biting, with species with shorter length experiencing less strain [6] . Our results, taken in conjunction with the findings of Walmsley et al. [6] , suggest that both river dolphins and gharials would experience far higher strain during shaking. The evolution of this morphotype may thus represent the relaxation of constraints on skull strength imposed by feeding on larger prey, and specializations required to increase hydrodynamic efficiency.
Conclusion
The shape of the rostra and mandibles of crocodilians and odontocetes is highly influenced by selective pressures associated with feeding niches. Many lineages of carnivorous tetrapods have moved into the aquatic environment in order to access food resources, and the characteristics of their diet within this environment continued to shape their morphology as they diversified. We found that crocodilians and odontocetes exhibit a similar range of morphotypes, predominantly varying from elongate to short and broad in cranial shape. This variation in shape was larger than that associated with the phylogenetic history of the two disparate groups.
River dolphins and gharials, representing the most longirostrine taxa included in the analysis, are a remarkable case of convergence in cranial morphologies. Based on stronger correlations between diet and skull morphology than between habitat and skull morphology, plus the presence of morphologically similar fossil odontocetes from marine deposits, we propose that similarities in prey taken or in the methods of prey capture are more likely explanations than physical factors associated with the riverine environments. 
